Wetting phenomena of underwater systems are important for marine and other aquatic environment applications. Here, we study the underwater wetting characteristics of textured surfaces, where these surfaces are microfabricated on silicon substrates having pillar configurations. Using relevant experimental data, we have found that the equilibrium configuration of oil drops on such underwater substrates cannot be adequately characterized by the conventional wetting theories of Wenzel and Cassie-Baxter, which have been successful in validating similar wetting phenomena on pillared structures kept in ambient air. Further, we conducted contact angle hysteresis measurements for these underwater substrates and found that, except for large pillar pitch (i.e., 100 mm), the obtained results deviate significantly from the conventional theories. We argue that the energy barrier in terms of the critical pressure associated with displacing an outer dense liquid medium (i.e., water in this case) while filling up the space between the pillars and the dynamics of liquid-liquid displacement (i.e., oil-water system in this case) are equally important for the underwater configuration of liquid drops on such textured surfaces.
Introduction
Micro and nano-textured hierarchical structures have found applications in self cleaning windows, 1 systems where protection from marine bio-fouling is required, 2 biomimetics 3-7 as well as surfaces producing low drag in uid ow. 8, 9 The theoretical basis of such behavior is attributed to the superhydrophobic or super-oleophobic nature of such textured surfaces, governed by the well-known Wenzel 10 and CassieBaxter 11 congurations. When a liquid drop is deposited on a rough (or textured) substrate kept in ambient air medium, a Wenzel state corresponds to the drop penetrating the gap between the micro structures resulting in complete wetting, while a Cassie-Baxter state corresponds to the drop hanging on top of the micro structures with a layer of air trapped beneath (see Fig. 1 ). The validity of these two wetting theories is oen debated and a cautious approach to use them is proposed in many recent studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The differences mostly stem from the fact that these wetting theories have proved to be insufficient in characterizing contact angle hysteresis (i.e., the range of contact angles exhibited by a liquid drop on a given rough substrate), which is crucial towards understanding of hydrophobicity (or superhydrophobicity).
Studies by Extrand et al., 17, 21 Gao et al. 12, 22, 23 and others have stressed that the interfacial contact areas are less signicant for the wetting conguration of a drop on a rough (heterogeneous or textured) substrate. [24] [25] [26] [27] [28] [29] [30] Rather, interaction of the threephases in the vicinity of the three-phase contact line (i.e., the drop-substrate-air contact line) mostly dictates wetting conguration. Alternate models have been proposed in recent times to explain wetting behavior on such surfaces, especially to explain the discrepancies between experimentally observed apparent advancing and receding contact angles (i.e., contact angle hysteresis 31 ) 17, 19, [26] [27] [28] [29] [32] [33] [34] [35] [36] with those predicted by Wenzel and Cassie-Baxter theories. Still, for the majority of the reported studies involving wetting on rough (or textured) surfaces, the conventional form of Wenzel and Cassie-Baxter theories have proved to be successful in describing experimental data. 1, 2, 8, [14] [15] [16] 18, [37] [38] [39] [40] [41] [42] In a recent work involving the wettability of chemically textured copper slabs having multi-tier roughness, Frankiewicz and Attinger suggested that there could be a possibility of meta-stable Cassie-Baxter conguration and even observed reversible wetting transitions between Wenzel and Cassie-Baxter wetting states. 43 Another prominent issue regarding the applicability of these wetting theories is that they are solely based on interfacial area fractions and do not provide adequate clarity related to the transition from a Cassie state to a Wenzel state. Even though a Wenzel state corresponds to a lower energy state for the drop, during the wetting process, oen the drop remains in a Cassie state due to a large energy barrier associated with making a transition between the two states. 40 In such cases, some external work needs to be done to make the transition.
40,44,45
Possibility of multiple equilibrium states 40, 46 on the same substrate oen makes it difficult to decide which of the two wetting theories is to be used for the effective design of superhydrophobic surfaces. Efforts have been made to reconcile this debatable issue of wetting transition and provide a better understanding of the energy barrier associated with such transitions. 45, [47] [48] [49] [50] [51] [52] [53] [54] Such an energy barrier is oen expressed in terms of a critical pressure 48, 49 that exists across the drop-air interface in the gap between any two adjacent pillars, which ensures whether the Cassie-Baxter to Wenzel transition is favorable or not (see Fig. 1 ). Mathematically the transition condition in terms of liquid pressure can be expressed approximately as 48, 49 
where, p D and p A are the drop and surrounding air pressure, respectively; P and D are the pillar pitch and width (or diameter), respectively; g DA is the surface tension of liquid drop in air and q eq is the equilibrium contact angle of the liquid drop on the corresponding at substrate. If the above condition is satised, there will be a transition of the drop to a Wenzel state. Otherwise, the drop will be in a (meta)stable Cassie-Baxter state.
48,49
Even though wetting characteristics of textured surfaces kept in ambient air medium have been extensively studied, there is a signicant lacuna towards understanding of wetting characteristics of such textured surfaces kept underwater (or underliquid). [55] [56] [57] [58] [59] We can look towards nature where sh scales and shark skins have hierarchical structures enabling them to repel oil drops and other contaminants from their surfaces. Hence, a study involving behavior of oil drops on an underwater substrate mimicking such phenomenon observed in nature nds applications in designing surfaces like submerged ship parts, marine pipelines, etc., which can effectively repel oil drops in case of an oil spill. [60] [61] [62] The question remains is that whether Cassie-Baxter or Wenzel formulation is adequate to characterize wetting for under-liquid micro-structured surfaces? Most hydrophilic surfaces in air exhibit oleophobicity when placed underwater, i.e., the oil drop in its equilibrium conguration shows an underwater contact angle greater than 90
. 55 It is the oil-water-solid contact angle which is the focus here, pertinent to a micro-patterned surface. In other words, we aim to check whether the Wenzel and Cassie-Baxter theories hold true for such underwater micro-patterned surfaces. If not, is there a need to have alternate considerations like the analysis of free energy barrier while studying the wetting of such under-liquid surfaces? Also, of interest here is to study the hysteresis of oil drops on such surfaces. Hence, to provide meaningful answers to these new questions related to under-liquid wettability, we have fabricated silicon based micro pillared substrates with a regular square array of cylindrical pillars having constant pillar height and diameter but varying pillar spacing. The substrates were placed underwater and wetting characteristics of millimeter sized oil droplets were studied in terms of their static (or equilibrium), advancing and receding contact angles.
Experimental section

Sample preparation
In this work, we have chosen the simplest and widely used micro-fabricated structure, which is the pillar geometry. The cost of fabrication of such pillared chip is around CAD 10 (based on academic pricing at University of Toronto micro/nanofabrication facilities). Any other shape would incur huge expense and also additional microfabrication steps. Hence, we have limited our study to this base case with pillar geometry. A 100 mm diameter silicon (Si) substrate (Wafer World Inc., West Palm Beach, FL, USA) was cleaned in a standard piranha solution (H 2 SO 4 and H 2 O 2 in 3 : 1 ratio), then rinsed with deionised (DI) water, and dried with nitrogen gas. A positive photoresist (PPR) S1818 (MicroChem Corp, Westborough, MA, USA) was spin coated at 3000 rpm for 30 seconds and the coated substrate was so baked at 115 C for 60 seconds. Fig. 2 ). The complete fabrication process ow for this type of pillar structures on a silicon substrate can be found elsewhere. [63] [64] [65] We have also used one additional 100 mm-diameter silicon wafer and performed all the chemical treatments, outlined earlier, except the patterning process. Such wafer was also diced into 6 Â 6 mm 2 pieces, which were then used as standard reference substrates for contact angle measurements.
Instrumentation
For the experimental setup, a custom made contact angle measurement system was used. 66 For static contact angle measurements, the substrates were kept at the bottom of a distortion free glass cuvette (Krüss Germany, SC-01) lled with DI water and millimeter sized oil drops were deposited. Care was taken to ensure that no entrapped air was present in between the pillars when the substrates were submerged in water. This was evident from the absence of any bubble within the bulk water phase during the course of experiment. For each set of experiment, the substrates were submerged for 5 min, thereby preventing any diffusion of entrapped air (if any) into the water phase.
The images were captured using a CCD camera and analyzed using an in-house developed Drop Shape Analysis soware. A tangent method 67 was used to extract the contact angle information from the observed slope of the three phase contact line associated with each image of the sessile drop (see Fig. 3 ). For hysteresis measurements, the needle tip used for drop deposition was inserted into an already deposited sessile drop and the syringe pump associated with the needle-drop assembly of the contact angle measurement system was operated at a ow rate of 10 mL min À1 to increase (or decrease) the drop volume. 67 It is to be noted that in the original experiments of Wenzel, 10 a quasi-equilibrium condition was maintained by gently moving the plate. In this current set-up, as reported in our earlier work, 67 we ensure the quasi-equilibrium process for the oil-water-solid system by controlling the ow rate (injection and retraction) of the needle-drop assembly during the hysteresis measurements. As the drop volume was increased, the contact angle reached a maximum value close to 180 and on further increase, the three phase contact line jumped on to the next pillar. This maximum contact angle, i.e., the advancing contact angle, q A was calculated from the recorded images. In a similar manner, when liquid was withdrawn from the drop by the needle, the receding contact angle, q R was measured. For every micro-pillar conguration, each set of contact angle measurements (advancing, receding and equilibrium) was repeated 5 times to ensure consistency. The contact angle values provided here are the average values of 5 measurements and are reproducible within an experimental error of AE2 . Contact angle measurements were also conducted on the standard reference at Si substrates, described earlier, for comparison purpose.
Results
Static contact angles
Fig . 4A and B show the static contact angles of oil in air, water in air and oil in underwater systems for the micro-patterned and at silicon substrates, respectively. For an oil drop on a at solid surface placed underwater, the equilibrium contact angle, q OW can be evaluated by applying the Young's equation for water (drop)-air, oil (drop)-air, and oil (drop)-water systems, respectively as,
where g OA , g WA and g OW are the oil-air, water-air and oil-water interfacial tensions, respectively. q OA and q WA are the equilibrium contact angles of oil and water drops on a at substrate in air, respectively. For the present case, with micro-patterned surfaces consisting of a regular square array of cylindrical pillars with diameter D, height H and pitch P, the Wenzel and Cassie-Baxter congurations of a liquid drop on such surfaces can be denoted by: 3 Extraction of contact angle from obtained images of oil/water drop on the given substrate (micro-patterned or flat) kept underwater or in air using the tangent method.
where q eq (q OA , q WA , q OW ) is the equilibrium contact angle on a at surface. It can be seen that all different micro-patterned substrates exhibit oleophobicity when placed under water. Table 1 compares the equilibrium contact angles measured from experiment with the theoretical Wenzel values for cases where the measurements were conducted in air. It can be concluded that for wetting in air, the water drop exhibited a Wenzel conguration for all cases, while oil exhibited complete wetting with very low contact angles (see the rst column from the le in Fig. 4A ). But in case of wetting of oil drops in underwater conguration, neither the Wenzel nor the Cassie-Baxter theory was in accordance with the observed static contact angle values (see Table 2 ).
It can thus be concluded that as far as static congurations are concerned, the Wenzel (or Cassie Wenzel) .
However, no contact angle hysteresis analysis was performed by Jung et al. This mismatch in the equilibrium contact angle value for a drop on an under-liquid substrate between our present study and those provided by Jung et al., 55 has propelled us to perform a hysteresis study to gather more insight into this wetting problem. Fig. 5(i) ). Only aer signicant image analysis, which includes changing the image contrast, the pillars become gradually visible (see (c) of Fig. 5(i) ) and the three-phase contact line (TPCL) is correctly identied. For all the micro-patterned substrates, the advancing contact angle is close to 180
Contact angle hysteresis
. The difference in obtained contact angle values can be attributed to the difference in image clarity and hence a slight deviation in the obtained tting while computing the contact angle using the tangent method. To keep things in perspective, one can compare these values with the more wellstudied system of contact angle hysteresis in an ambient air medium. 14, 17, 19, 20, 41, 68 For cases where the substrate is kept in air (i.e., inviscid) medium, the advancing contact angle is always close to 180 , which is obvious since the three-phase contact line needs to reach such an angle to touch the next set of pillars.
On the other hand, the receding contact angle values varied signicantly with pillar pitch, as shown in Fig. 5 (ii). The increase in receding contact angles with increasing pillar pitch is also commonly found in hysteresis studies in air medium. 14, 20, 68 However, the wide spread in hysteresis for under-liquid substrates obtained here is something new and warrants further study.
It is also important to understand the motion of the threephase contact line during advancing and receding motions of the oil drop over the pillars of varying pitch. When liquid was withdrawn from the drop during the course of receding, it was found that for the smallest pillar pitch (i.e., 60 mm), the threephase contact line receded a number of pillars at once (see ESI video S1 †). However, as shown in Fig. 6 , for the larger pillar pitches (i.e., 75 mm and 100 mm) the contact line was observed to jump individual pillars while receding (see Fig. 6(a) and (b) ). Still, it was not clear whether the drop was in a Wenzel or Cassie-Baxter state. For underwater systems, the problem lies in conventional imaging of drop-substrate system since it usually provides a clear visualization of the three phase contact line (TPCL) only in two axes (x and z, in our case). It does not provides a clear picture of the neighboring TPCLs or the dropwater interface between two adjacent TPCLs. Hence, to ascertain whether the drop was in a Wenzel or Cassie-Baxter state, it was necessary to image the receding mechanism with a clear visualization of the receding TPCL and the neighboring dropwater interface behavior. Such visualization is normally performed under a microscope for static drop congurations. However for dynamic congurations, i.e., a receding drop, observing the process with camera-lens system is more suitable.
To achieve a visualization of the drop receding motion where all the three axes are visible, images were captured by positioning the camera at an angle of about 10 from the reference plane used earlier. Interestingly, it was found that while receding, for patterned substrate with pitch 75 mm, locally the drop-water interface is pulled up while the TPCL remained pinned on the adjacent pillar tops (see Fig. 7 ). Then, a single TPCL receded at a time while the neighboring TPCLs remained pinned. Similar phenomenon was also observed for the substrate with pillar pitch 60 mm, but due to the contact line jumping over a number of pillars at once, such motion could not be effectively captured. The pulling up of the drop-water interface while receding, strongly indicates that the wetting for those two substrates is not a Wenzel conguration. Rather it is either a metastable Cassie-Baxter or a mixed wetting state with partial lling of the space between the pillars. 69 Table 3 reports the comparison of the experimentally observed advancing and receding contact angles for the different underwater micro-patterned substrates with those predicted by Wenzel and Cassie-Baxter equations, i.e., by substituting q eq with q OW,A and q OW,R in eqn (3) and (4), where q OW,A and q OW,R are the experimentally observed advancing and receding contact angles on the corresponding underwater at reference substrate. This approach is also a major part of this entire debate revolving around the applicability of using these theories to predict hysteresis behavior.
Discussions
Static conguration
14,17,19-21,41,42 Nevertheless, we use this approach to compare our experimentally observed values. It can be seen from Table 3 , except for the receding contact angle for the micro-patterned substrate with pitch 100 mm, none of the advancing and receding angles comply with those predicted by either Wenzel or Cassie-Baxter theory. This indicates that a Wenzel conguration observed in air medium does not always necessarily translate to Wenzel conguration for underwater systems. In the present case, since the substrate is underwater, the surrounding pressure is not atmospheric but with the added contribution of the hydrostatic head, p H ($r W gh) posed by the height h of water column present in the cuvette. Therefore eqn Fig. 7 Receding dynamics of an oil drop on an under-water micro-patterned substrate with pillar pitch 75 mm performed with a slight change in camera-lens orientation for the purpose of visualization of the receding mechanism in all the three axes. The pillars, not drawn for this case, are located beneath the three-phase contact lines (TPCLs). When oil is pumped out of the drop, the oil-water interface connecting two adjacent TPCLs gets distorted (represented by the white arrows), essentially gets pulled up while the TPCLs remain pinned on their respective pillar tops (green arrows). The receding motion then takes place with one TPCL receding at a time (yellow arrow) while the other adjacent TPCLs remain pinned on their respective pillar tops. The dashed line represents the oil-water interface corresponding to the TPCL which is receding. The scale bar represents 50 mm.
(1), applicable for substrates kept in air, needs to be modied to take into account this hydrostatic head. Hence, the condition for the critical transition pressure for an under-liquid substrate can be written as:
We argue that since the pressure difference across the dropwater interface below the suspended drop between two adjacent pillars, p D À (p A + p H ) is signicantly lower than the corresponding scenario in air, i.e., p D À p A , for the substrates with relatively smaller pitches (i.e., 60 mm and 75 mm), the critical transition pressure is never reached resulting in a Cassie-Baxter or an intermediate conguration. It is to be noted that existence of such critical pressure for superrepellancy in air for wetting liquids on re-entrant structures has been discussed by Liu and Kim. 6 For the substrate with the relatively larger pitch, i.e., 100 mm, it appears that the critical transition pressure was achieved and a Wenzel conguration was realized, evident from its receding contact angle value. It should be noted here that the height of the water column ($15-18 mm for the present study) cannot be varied as an experimental parameter in terms of order of magnitude. This is due to challenges in our current contact angle measurement system as well as in other commercially available systems, in terms of the vertical needle movement and the drop size requirement, restricting such a variation. A more comprehensive computational study of the critical pressure transition criterion would have been helpful in throwing more light into this complex phenomenon of energy barrier mediated wetting conguration. However, such a study is beyond the scope of the present work and can be treated as a topic for future investigation.
Receding contact angle values
From the observation of receding motion, even though a metastable Cassie-Baxter state (or even a mixed wetting state) can be inferred for the drop on the underwater substrates with pitches 60 mm and 75 mm, the receding contact angle values exhibited on these substrates appears to be puzzling. A wide hysteresis is indicative of a Wenzel behavior. But our visualization of the receding phenomenon (see Fig. 7 ) clearly shows a receding mechanism unlikely of a Wenzel-like conguration. Oen, the edge effect 70,71 on such pillar structures provides results which deviates from the conventional Wenzel and Cassie-Baxter states. However, no such edge effects were noticed in our visualization of either the equilibrium shape and the three phase contact line movement during advancing and receding motion of the drop. For the low contact angles observed, it can be due to the fact that a thin layer of water may have been le behind when the three phase contact line receded, as pointed out by Patankar et al. 13 in a similar study carried out for substrates in air medium. Another possibility can be a precursor lm formation, 72, 73 which better explains such curvature close to the three-phase contact line while receding. This is presently not well understood and needs to be investigated further in terms of the dynamics of liquid-liquid displacement. In our recent study related to under-liquid drop coalescence, 74 we have delineated the role of the surrounding denser and viscous medium (i.e., water). Commonly observed wetting phenomena like spreading 73, 75, 76 and coalescence of sessile drops 74 are very different for under-liquid substrates than substrates in ambient air where parameters like the surrounding liquid density and viscosity play key roles in dictating the dynamics of how one dense liquid displaces another. Hence, new studies are required with signicant modication to the governing theories that hold true for air medium by taking into account the role of the surrounding viscous medium, rather than a mere extrapolation of these theories. Also, recent advancement in experimental techniques like laser scanning confocal microscopy 77 would be of great help to understand such under-liquid wetting behavior.
Conclusion
The present study reports a rst of its kind detailed investigation of wetting characteristics of oil drops on underwater micropatterned substrates. For this purpose, we have performed wetting studies of three different micro-pillared substrates, where each substrate has same pillar height and diameter but varying pillar pitch of 60 mm, 75 mm, and 100 mm. It was found that for such cases, the wetting characteristics (in terms of static, advancing and receding contact angles) cannot be formulated using the conventional framework of Wenzel 10 and Cassie-Baxter 11 theories. It is clear that the conventional theories as well as trends seen for wetting on micro-patterned substrates kept in air medium 1, 2, 8, [14] [15] [16] 18, [37] [38] [39] [40] [41] [42] do not necessarily translate to similar behavior on under-liquid systems. The static drop conguration for such an underwater substrate was found to conform to a metastable Cassie-Baxter or a mixed wetting state evident from the study of the receding mechanism of the Table 3 Comparison of advancing and receding contact angles of oil on underwater micro-patterned surfaces with those predicted by Wenzel (eqn (3)) and Cassie-Baxter (eqn (4)) configurations (i.e., by computing q Wenzel and q CB from eqn (3) and (4), respectively, using experimentally observed advancing and receding contact angles q OW,A and q OW,R ) oil drop in underwater system. The energy barrier associated with displacing a surrounding dense medium and lling up the space between the pillars should be accounted for to predict which conguration (Wenzel, Cassie-Baxter, metastable Cassie-Baxter or a mixed wetting state) is thermodynamically favorable. Also, since an outer liquid medium possess signi-cant viscous effects, the dynamics of liquid-liquid displacement needs to be considered to understand the behavior of the threephase contact line in such systems which is crucial for appropriate characterization of the contact angle, particularly the receding contact angle. With growing number of underwater applications as well as a need to mitigate environmental effects of major oil spills, which has become a growing concern in the wake of the DeepWater Horizon oil spill event by BP, 78 this basic study on understanding wettability of underwater micropatterned substrates garners relevance in designing appropriate oil repellant and corrosion resistant surfaces. The results presented here points to our lack of comprehensive theoretical understanding of the mechanisms that dictate wetting of under-liquid micro-patterned substrates and begs the need to have a new theoretical framework for such systems.
